Background: Although J-proteins stimulate ATPase activity of Hsp70s, the additional physiological functions are still elusive. Results: Besides its J-dependent functions, Dph4, a type III J-protein, exhibits redox activity and acts as electron carrier attributed to its iron-binding property. Conclusion: 3D structure and multiple functions of Dph4 expand the functional repertoire of the J-protein family. Significance: J-proteins have additional co-evolved specialized functions, previously not well appreciated.
zation outside the J-domain. As a consequence, they are involved in multiple cellular functions (1, 7) .
A member of class III J-protein has been identified to play a critical role in diphthamide (DPH) biosynthesis, which is one of the important conserved cellular processes in the eukaryotic system (8) . In the mammalian system, DPH is formed by unique post-translational modification of the histidine (His 715 ) in elongation factor-2. DPH serves as an opportunistic target site for the diphtheria toxin (DT)-mediated ADP-ribosylation, thus abrogating protein translation. Of the five known proteins implicated in DPH biosynthesis, Dph4 has been identified as a class III J-protein consisting of a predicted N-terminal J-domain and a CSL-domain at the C terminus. In the mouse model system, the dph4 splice site mutant has been associated with multiple phenotypes, including retarded growth and late developmental defects (9) . Interestingly, JJJ3, an ortholog of mammalian DPH4 does not exhibit a growth phenotype upon deletion but shows sensitivity toward DT overexpression in yeast (10) . The CSL-domain of Jjj3 has been found critical for conferring the DT sensitivity, whereas the J-domain is dispensable, thus highlighting the central importance of the regions outside of the J-domain in DPH biosynthesis (10) .
Our report uncovers the first structure of full-length human type III J-protein, Dph4, and reveals multiple insights into its cellular functions. We present here novel iron-mediated functional roles of Dph4 not known previously. Besides functioning with Hsp70, our findings establish several J-domain-independent functions of J-proteins, including redox and electron carrier activity and a role in the diphthamide biosynthesis.
EXPERIMENTAL PROCEDURES

Plasmids, Yeast Strains, and Genetic
Techniques-The open reading frames (ORFs) encoding full-length DPH4, KTI11, HSC70, and HSPA1A were PCR-amplified from a HeLa cell cDNA library (Stratagene) using sequence-specific primers. For purification, wild type DPH4, yeast JJJ3, DPH4 , DPH4 , and DPH4(94 -149) were cloned into pET3a vector, whereas HSC70 and HSPA1A were cloned into pRSFDuet-1 vector with the insertion of six histidine codons at the C terminus. The point mutant, dph4 C139S was generated by QuikChange protocol using high fidelity Pfu Turbo DNA polymerase (Stratagene). For fusion protein purification, the entire ORF of DPH4 was cloned into the glutathione S-transferase (GST)-expressing vector pGEX-KG at the C terminus using EcoRI and XhoI restriction sites.
Yeast JJJ3 and human DPH4 ORFs were subcloned into pRS424 yeast expression vector under GPD promoter and transformed to ⌬jjj3 strain as described previously (10) . The strains were separately co-transformed with pLMY101 plasmid encoding a diphtheria toxin under the galactose-inducible promoter (GAL-DT) and selected on dropout medium (Trp Ϫ ). In vivo diphthamide biosynthesis was monitored by growth of yeast cells on conditional expression of GAL-DT (11) .
Expression and Protein Purification from E. coli and YeastAll proteins except Dph4(1-76), dph4 C139S , HspA1A, and Hsc70 were overexpressed in E. coli Rosetta strain at 30°C using 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside at A 600 of 0.6 for 4 h. The induction of dph4 C139S and Dph4(1-76) was carried out for 12 h in E. coli Rosetta strain at 18°C. HspA1A and Hsc70 proteins were overexpressed in E. coli BL21 (DE3) strain. The cells were grown in M9 minimal medium supplemented with vitamins and either 1 mM ZnSO 4 ⅐7H 2 O or 200 M FeCl 3 as per requirement. For the purification of His 6 -tagged proteins, the cells were resuspended in lysis buffer A (20 mM Tris-Cl, pH 7.5, 20 mM imidazole, 200 mM NaCl, 5% glycerol, and 1 mM DTT) containing protease inhibitor mixture and incubated with 0.2 mg/ml lysozyme at 4°C for 1 h. The sample was gently lysed with 0.2% sodium deoxycholate (USB) followed by DNase I (10 g/ml) treatment in the presence of 5 mM MgCl 2 for 15 min. The cell lysate was prepared by sonication and clarified by centrifuging at 14,000 rpm for 30 min at 4°C. The soluble supernatant was incubated with pre-equilibrated Ni 2ϩ -NTA-Sepharose beads (GE Healthcare) for 2 h at 4°C. Unbound proteins were removed by extensive washing with buffer A, followed by a wash with buffer A containing 0.5 M NaCl. Nonspecific contaminants were removed using buffer B (20 mM Tris-Cl, pH 7.5, 30 mM imidazole, 200 mM NaCl, 1 mM ATP, 5 mM MgCl 2 , and 5% glycerol). The proteins were eluted with buffer A containing 250 mM imidazole. For purification of HspA1A and Hsc70 proteins, buffer A and B containing HEPES-KOH (pH 7.5) was used instead of Tris-Cl, pH 7.5.
The GST-tagged proteins were isolated using glutathioneSepharose beads (GE Healthcare). The GST-Dph4 fusion protein was purified using lysis buffer C (20 mM Tris-Cl, pH 7.5, 200 mM NaCl, and 5% glycerol) followed by a wash with buffer D (20 mM Tris-Cl, pH 7.5, 500 mM NaCl, and 5% glycerol). The untagged Dph4 protein was obtained from GST-Dph4 fusion protein by cleaving the GST tag using thrombin as per the manufacturer's instructions (Novagen). The proteins used for UVvisible and fluorescence analysis were dialyzed against buffer X (20 mM Tris-Cl, pH 7.5, 200 mM NaCl, 10% glycerol, and 1 mM DTT). The apo-form of Dph4 was obtained by overnight treatment of Zn-Dph4 protein preparation with 10 mM EDTA and then extensive dialysis against buffer X.
For purification from yeast cells, ⌬jjj3 cells transformed with His 6 -tagged DPH4 in pRS424 vector were grown in Trp Ϫ medium at 30°C supplemented with 50 M FeCl 3 and harvested at A 600 of 1.3. Cells pelleted from 3.5 liters of culture were dissolved in buffer E (100 mM KH 2 PO 4 , 1.2 M sorbitol, pH 7.4) and treated with zymolyase (2 mg/g of pellet) for 45 min. The cells were then lysed by homogenization in buffer F (100 mM Tris-Cl, pH 7.4, and 0.6 M sorbitol). The soluble supernatant was incubated with pre-equilibrated Ni 2ϩ -NTA-Sepharose beads for 2 h at 4°C. Nonspecific protein contaminants were removed by extensive washing with buffer A followed by wash with buffer A containing 0.5 M NaCl and buffer B. The proteins were eluted with buffer A containing 250 mM imidazole.
NMR Spectroscopy-Samples for NMR studies (full-length Dph4, Dph4(1-76), Dph4(1-92), and Dph4(93-149)) were prepared as mentioned above but supplemented with 4 g/liter UV-visible Spectroscopy-All absorption spectra for iron reduction assays were recorded on a PerkinElmer Lambda 35 UV-visible spectrometer equipped with the Julabo MB-5A temperature control unit. All of the samples used for the analysis were prepared in a buffer X and purged with N 2 gas to maintain anaerobic conditions. All reduction reactions were initialized by the addition of NADH. The initial delay in recording the spectra was manually adjusted in the calculations for rate determination. The rate constants were calculated using SigmaPlot 9.0 (Systat Software, Inc.) by fitting the curve into y ϭ y 0 ϩ a(1 Ϫ exp(Ϫbx)), where b is the rate constant.
Miscellaneous Methods-Molecular dynamics (MD) simulations are detailed in the supplemental Experimental Procedures. EPR spectra were recorded on a Bruker EMX X-band spectrometer at 9.42 GHz in the quartz tube under standard conditions. Iron staining using 3,5-diaminobenzoic acid dihydrochloride (Sigma-Aldrich) and ATPase assays were carried out as described previously (12, 13) . Fluorescence analysis was performed using a Varian Cary Eclipse fluorescence spectrophotometer. The protein samples were prepared in buffer X and purged with N 2 gas before analysis. Immunoblot analysis was carried out by using the ECL system (PerkinElmer Life Sciences) according to the manufacturer's instructions. The thermal unfolding using circular dichroism and partial tryptic digestion were carried out as previously described (14) .
RESULTS
Differential Metal Binding in Human Dph4
-The primary sequence analysis reveals the presence of a N-terminal J-domain (residues 1-76) and a metal binding CSL-domain (residues 93-149) at the C terminus separated by long linker region (residues 77-92). Strikingly, the purified His 6 -tagged protein from E. coli in rich medium was found to be dark brown in color (supplemental Fig. S1A ). The protein preparations were found to be greater than 98% homogeneous as analyzed on SDS-PAGE (supplemental Fig. S1B ). UV-visible spectral analysis of purified protein revealed two prominent peaks in the visible region (365 and 485 nm) and a shoulder peak at 570 nm (Fig.  1A) . Interestingly, these spectral properties are similar to proteins containing the classical rubredoxin fold, which are known to bind iron as a metal ion (15) . On the contrary, CSL motifcontaining proteins are reported to bind only zinc (16) . To address this further, the protein was purified from E. coli selectively grown on M9 minimal medium supplemented with iron (for Fe-Dph4) or zinc (Zn-Dph4) salts. The metal ion analysis by atomic absorption spectroscopy revealed 0.8:1 and 0.9:1 stoichiometric binding of iron and zinc to Dph4, respectively. These results clearly demonstrate that both metal ions can be independently sequestered by Dph4, depending on growth conditions used for expression in E. coli. The spectral properties of Dph4 purified from iron-supplemented minimal medium were found to be identical to Dph4 produced from rich medium (supplemental Fig. S1C ). Dph4 purified from zinc-supplemented minimal medium was found colorless and devoid of any absorption in the visible region (supplemental Fig. S1C ). To eliminate any possibility of interference of the His 6 tag in iron binding, we compared the absorption spectrum of untagged protein purified from a minimal medium supplemented with iron salts. Both His 6 -tagged and untagged Dph4 protein showed an identical UV-visible spectrum, indicating that Dph4 possesses the intrinsic ability to bind iron in solution (supplemental Fig. S1D) . Additionally, the UV-visible spectrum recorded on purified isolated Dph4(93-149) fragment was found to be identical with full-length protein, thus confirming the binding site of iron in the CSL-domain (Fig. 1A) .
It has been reported previously that in CSL motif-containing proteins, zinc coordinates spatially with 4 Cys residues in a tetrahedral geometry (16) . To confirm that cysteines of the CSL-domain in Dph4 coordinate with iron, we prepared a point mutation by replacing Cys-139 with Ser. Interestingly, the purified dph4 C139S showed a significant reduction in absorption in the UV-visible region in comparison with wild type, underlining the loss of iron binding ability by dph4 C139S (Fig. 1A) . To elucidate the geometry of iron coordination in the CSL-domain of Dph4, we have utilized electron paramagnetic resonance spectroscopy (EPR) (Fig. 1B) . The resonances at g ϳ4.3 and g ϳ9.14 are characteristic of high spin Fe 3ϩ ion in tetrahedral geometry as reported previously for oxidized rubredoxins (17) . Furthermore, both of the signals were found to be sensitive to temperature, similar to rubredoxins (18) (Fig. 1B) . Taken together, our results provide the first evidence showing unique iron-binding properties associated with human J-protein Dph4 besides its ability to bind zinc in solution. The binding affinities of zinc and iron for Dph4 in solution were compared by monitoring fractional changes in intrinsic tryptophan (Trp) fluorescence of apo-Dph4 upon titration with zinc or iron metal salts. The observed dissociation constants for iron and zinc were 12.5 Ϯ 1.9 and 199.5 Ϯ 25.2 M respectively (Fig. 1C) . A 16-fold enhanced binding of iron to Dph4 as compared with zinc suggests that Dph4 exists predominantly in iron-bound form under physiological conditions. To demonstrate the iron sequestration property in the eukaryotic physiological context, His 6 -tagged Dph4 protein was purified from Saccharomyces cerevisiae using pRS424-GPD vector. The expression was confirmed by immunodetection using anti-His antibodies ( Fig. 2A) . The iron binding was confirmed by using iron-specific staining after separating the proteins on a native PAGE (10). Dph4 purified from yeast showed strong reactivity toward iron-specific staining (Fig. 2B ). Fe-Dph4 and Zn-Dph4 purified from E. coli served as positive and negative controls, respectively. Hence, our result conclusively proves that iron sequestration by Dph4 is a very specific process in the eukaryotic system.
Iron Induces Oligomerization of Dph4-The native PAGE of Fe-Dph4 showed the presence of additional higher molecular weight bands, which were positive for iron staining (Fig. 2B ). These oligomeric forms were also detected in the gel filtration analysis of purified Fe-Dph4 (supplemental Fig. S1E ). We analyzed the oligomers in the protein preparations of both Zn-and Fe-Dph4. Increasing concentrations of Fe-Dph4 and Zn-Dph4 were loaded on native PAGE and immunodetected with antiHis antibody (Fig. 2C) . Minimal higher order oligomers were detected in Zn-Dph4 as compared with Fe-Dph4 even at higher protein concentrations, indicating that preferential binding of iron to Dph4 promotes oligomerization. Upon quantification, nearly 50% of the Fe-Dph4 protein sample was found to be oligomeric as analyzed from both gel filtration and Western blot ( Fig. 2C and supplemental Fig. S1E ). To understand the region of protein required for the oligomerization, we tested the oligomerization status of purified Fe-bound isolated CSLdomain (Fig. 2D ). The absence of detectable iron-bound oligomer in Dph4(93-149) suggests that iron-induced oligomerization is a property of full-length protein, where both domains are required to form higher order structures.
Fe-Dph4 Has Enhanced Ability to Stimulate ATPase Activity of Hsp70s-J-proteins are known to stimulate the ATPase activity of Hsp70s (1) (2) (3) (4) (5) . To investigate whether Zn-Dph4 and FeDph4 retain the ability to stimulate Hsp70s, we assayed for in vitro ATPase stimulation activity. Due to prevalent cytosolic localization of Dph4, we analyzed for the ability to stimulate Hsc70 and Hsp70A1A partners (19) . The complexes of Hsc70-[␣-
32 P]ATP and HspA1A-[␣-32 P]ATP were isolated, and the rate of ATP hydrolysis was measured under the single turnover conditions in the presence of Zn-Dph4 and Fe-Dph4. The basal rates of ATP hydrolysis by Hsc70 and HspA1A were estimated to be 0.16 and 0.07 min Ϫ1 , respectively, which are comparable with values reported previously (20) . Upon the addition of increased molar ratios of Zn-Dph4 and Fe-Dph4 to Hsp70s, a robust stimulation in the ATPase activity of Hsc70 and HspA1A was observed (Fig. 3A ). These results demonstrate that Dph4 could potentially function in vivo as a J-protein cochaperone in both zinc-and iron-bound states. Strikingly, Fe-Dph4 displayed a significantly enhanced ability to stimulate the ATPase activity of Hsc70 and HspA1A as compared with Zn-Dph4 under similar conditions. Such elevated stimulation is attributable to overall conformational differences between Feand Zn-Dph4.
To test the conformational differences, Fe-and Zn-Dph4 were subjected to thermal denaturation using circular dichroism. As illustrated in Fig. 3C , Fe-Dph4 exhibited enhanced stability by 5°C as compared with Zn-Dph4, suggesting plausible conformational differences between Zn-and Fe-Dph4. Both Zn-Dph4 and apo-Dph4 (used as a control) exhibited similar thermal stability. To probe further the conformational differences, we utilized the proteolytic susceptibility assay using trypsin treatment. As illustrated in Fig. 3D , all forms of proteins, including apo-, Fe-, and Zn-Dph4, showed a similar pattern of tryptic digestion. However, Fe-Dph4 exhibited higher susceptibility for tryptic cleavage (Fig. 3D ). As indicated in Fig. 3E , one of the stable fragments showed mobility equal to the CSL-domain (Dph4(93-149)), which was confirmed by immunodetection using anti-His antibody. The cleavage site was mapped to Arg-88 of the exposed linker-helix by N-terminal micro-sequencing. Notably, apo-and Zn-Dph4 possess similar conformations in solution, as evident from tryptic digestion. On the other hand, the linker-helix is well exposed for tryptic cleavage by adopting a favorable conformation in the Fe-Dph4.
To determine the minimal region essential for such enhanced ATPase stimulation in Fe-Dph4 form, we generated truncation mutants. As illustrated in Fig. 3A , the J-domain alone (Dph4 (1-76) ) and the CSL-domain (Fe-Dph4(93-149)) were incapable of significant stimulation even at higher concentrations. Strikingly, the addition of a linker-helix to the J-domain (Dph4(1-92)) resulted in significantly enhanced stimulation. These observations are consistent with those reported previously, where the isolated J-domain was found incapable of cochaperone activity, with the additional linker sequence rendering the protein functional (10, 21) . Intriguingly, Dph4 showed stimulation equivalent to full-length apo-and Zn-Dph4 (Fig. 3A) , suggesting that the linker-helix plays a critical role in modulating the conformational dynamics of the J-domain. Next, to rule out the possibility of iron-mediated oligomerization enhancing the ATPase activity, we isolated monomeric and oligomeric forms of Fe-Dph4 (see the supplemental Experimental Procedures) and subsequently analyzed them for their stimulation activity. Surprisingly, the oligomeric form of Fe-Dph4 failed to stimulate Hsp70 ATPase activity in comparison with the monomeric state ( Fig. 3B and supplemental Fig. S1F ). Based on these observations, we conclude that the linker-helix together with the CSL-domain in Fe-Dph4 renders a conformation suitable for enhanced stimulation of ATPase activity of Hsp70s.
NMR-derived Structure of Dph4-To gain further insight into the mechanistic aspects of iron-mediated functional roles of Dph4, we used NMR spectroscopy to elucidate the structure of Dph4. The two-dimensional 15 N-1 H HSQC spectrum of ZnDph4 is shown in Fig. 4A . Supplemental Fig. S1G shows the overlay of two-dimensional 15 N-1 H HSQC of both metal forms of Dph4. Due to the paramagnetic effect of Fe 3ϩ , many of the resonances of Fe-Dph4 were broadened, with the remaining peaks matching closely with those of Zn-Dph4 (22) . The 18-kDa Zn 2ϩ -bound full-length Dph4 was a monomer under NMR sample conditions, as indicated by its average correlation time of 10 Ϯ 0.5 ns at 298 K measured using 15 N T 1 and T 2 relaxation rates (23). As described in the supplemental Experimental Procedures, Ͼ90% of resonances (excluding residues belonging to the His 6 tag and 15 N resonances of Pro) were assigned sequence-specifically. Doubling of peaks was observed for residues 91-95, indicative of two conformations in slow exchange on the NMR time scale.
The structure having the least residual target function is shown in Fig. 4B . The structural statistics for the family of 20 Dph4 structures are presented in Table 1 . The solution structure of Dph4 (PDB code 2L6L) reveals a multidomain structure comprising of an N-terminal J-domain (residues 1-76) and a C-terminal CSL-domain (residues 93-149) connected by a flexible helical linker (residues 77-92). Fig. 4C shows the superposition of 20 NMR derived conformers in the individual N-and C-terminal domains. Although each domain exhibits structural heterogeneity when aligned with respect to the other (supplemental Fig. S2A ), residues within each domain converge with a low r.m.s. deviation of 1.18 Ϯ 0.41 and 0.62 Ϯ 0.14 Å, respectively, for ordered residues (Table 1) . Notably, the two-dimensional 15 N-1 H HSQC spectrum recorded on Dph4(1-92) and Dph4(93-149) nearly matched with their counterparts in fulllength Dph4 (Fig. 4, D and E) . However, Dph4(1-76) fails to maintain a similar fold in the absence of linker-helix (supplemental Fig. S2B ). This suggests that the two domains are independently folding units and that the linker maintains the structural integrity of the J-domain.
The canonical J-domain comprising residues 1-76 is characterized by four helices, as commonly observed in the threedimensional structures of J-domain reported previously (24 Fig. S2D along with the values of S 2 computed using TALOSϩ (27) . The most well defined regions of the protein consist of ␣-helices and ␤-sheets, followed by the Zn 2ϩ -binding loops. The S 2 profile calculated using the backbone chemical shift matches that of the local r.m.s. deviation, indicating that regions with high r.m.s. deviation may also exhibit high flexibility.
The structure of human Dph4 was compared with previously known three-dimensional structures of J-domains and CSLdomains (Fig. 5) . A notable difference is in the length of helices; ␣1 and ␣2 are longer and ␣4 is shorter in J-domain of human Dph4 compared with that of a mouse Dph4 (sequence identity 88%) and E. coli DnaJ (sequence identity 31%) (24) . However, the helix ␣3 of Dph4 is longer than the corresponding helix of E. coli DnaJ and shorter with respect to mouse Dph4 (MmDjC7). The additional linker helix, ␣5, in Dph4 acquires the position similar to helix ␣4 of canonical J-domains but arguably does not form a part of the J-domain. The CSL-domain was compared with human DESR1 (sequence identity 28%) and yeast Kti11 (sequence identity 25%) (16, 25) . A salient feature is the absence of a helix at the C terminus end of the CSL-domain. We also compared the recently solved crystal structure of human HscB with human Dph4 (28) . Notably, unlike Dph4 the metal binding domain in HscB is structurally disordered (28) . These structural differences may have implications for the function of the protein and presumably lead to its functional divergence.
Interdomain Mobility in Dph4-The orientation of two domains in full-length Dph4 could not be fixed due to lack of interdomain NOEs. The high flexibility at the N and C termini of the central linker region Dph4(77-92) presumably gives rise to spatial heterogeneity of the two domains with respect to each other (supplemental Fig. S2A ).
The absence of interdomain contacts does not imply the loss of interdomain orientation. Hence, chemical shift perturbation and a NOESY-based approach are generally coupled with either NMR-based relaxation studies or Residual Dipolar Couplings (RDC) data analysis (29) . However, in Dph4, signal overlap and the absence of a significant amount of backbone amide resonances in the J-domain precluded obtaining accurate NMR relaxation data and RDC measurements for individual resonances. Therefore, we performed MD simulations on NMRderived structures using the program GROMACS to probe interdomain dynamics.
Two structures from the NMR ensemble were subjected to 15 ns of unrestrained MD simulation after equilibration. The backbone r.m.s. deviation relative to the initial structure as a function of time is shown in supplemental Fig. S3A . The individual domains are essentially stable throughout the simulation, whereas the trajectory of the full-length protein is not stabilized even at the end of 10 ns. This behavior corresponds to conformational movements that alter the relative orientation of the domains, indicating pronounced interdomain mobility. This conformational flexibility between two domains may account for the fact that only a handful of crystal structures for full-length J-proteins have been reported. Interestingly, the trajectory of linker-helix (supplemental Fig. S3B) shows a transition in r.m.s. deviation at ϳ4 ns, indicating a change in the conformation. A similar trend was also observed in radius of gyration, which starts decreasing around 4 ns (supplemental Fig. S3C ). This suggests that the two domains of Dph4 adopt "open" and "closed" conformations in solution mediated by linker, which are interconvertible. A conformational exchange on a slower time scale is also observed in NMR for residues 91-95 in the two-dimensional 15 N-1 H HSQC spectrum (Fig.  4A) . The average rotational correlation time for J-and CSLdomain in full-length protein was measured as 9.6 Ϯ 0.8 and 10 Ϯ 0.9 ns, respectively, which is similar to that of the fulllength protein (10 Ϯ 0.5 ns). On the whole, this suggests that while the two domains have ample conformational freedom in solution, they probably communicate through the central linker-helix and influence the mobility of each other. To probe conformational differences between Fe-and ZnDph4, leading to their differential stimulation activity, we analyzed the chemical shift differences in the apo-and metalbound state. Fig. 6A shows the chemical shift perturbation in apo-and Zn-bound state. The perturbations are mostly localized on to the metal binding domain, whereas some also spread to linker and J-domain, clearly indicating the interdomain cross-talk. As shown in Fig. 6D , in Fe-Dph4, the paramagnetic effect of iron is highly localized on the CSL-domain; hence, we mapped the perturbation only on the J-domain and linker. While comparing Zn-and Fe-Dph4, we observed differences and mapped them on the J-domain structure (Fig. 6, B and C) . The most notable ones were the continuous stretch on helix II near the HPD motif of J-domain and the interdomain linker (Fig. 6C) . This region in J-proteins was reported to be crucial for both interaction and stimulation of Hsp70s (30 -34) . Interestingly, Fe-Dph4 and Zn-Dph4 exhibit similar overall mobility/ flexibility, as revealed by 15 N-1 H heterogeneous NOE data (supplemental Fig. 4, A and B) .
Fe-Dph4 Is Redox-active and Functions as Electron Carrier
Protein-The iron-binding property of Dph4 prompted us to investigate the redox nature of the protein in vitro. As seen in Fig. 7A , a complete reduction of Fe-Dph4 was observed under anaerobic conditions upon the addition of 1.5 mM sodium dithionite at 25°C, as monitored by loss of absorption in the UV-visible region. Importantly, overnight air oxidation at 25°C led to a complete recovery of the characteristic absorption signals in the visible region, indicating the redox nature of FeDph4 (Fig. 7A) . A similar pattern has been reported for the rubredoxins (35) .
To characterize the electron carrier activity of Fe-Dph4, we adopted the scheme illustrated in Fig. 7B as reported previously  (15) . The assay utilized NADH and nonspecific NADH-dependent rubredoxin reductase NorW from E. coli as an electron donor and cytochrome c as a terminal electron acceptor. The reduction of Fe-Dph4 was monitored in the presence of fixed concentrations of NorW and NADH under anaerobic conditions at 37°C. As shown in Fig. 7C , a time-dependent reduction of peak intensity at 485 nm is an indication of changes in the oxidation state of the Fe 3ϩ center of Fe-Dph4. The redox nature of Fe-Dph4 was further substantiated by transfer of electrons from reduced Fe-Dph4 to cytochrome c, as depicted schematically in Fig. 7B . A time-dependent reduction of cytochrome c was observed by monitoring the changes in absorbance at 550 nm at 37°C under anaerobic conditions (Fig.  7D) . The reduction of cytochrome c followed first order kinetics, and the observed rate constant (k ϭ 1.6 Ϯ 0.04 min Ϫ1 ) at 37°C was relatively lower than rubredoxins (36) (Fig. 7D) . Importantly, when the reaction was carried out by doubling the concentration of NorW or Fe-Dph4, a linear increase in the rate constants to 2.9 Ϯ 0.01 and 2.6 Ϯ 0.01 min Ϫ1 , respectively, was obtained. This direct dependence of rate constants in presteady state conditions as a function of NorW and Fe-Dph4 concentrations indicates that the electron transfer between NorW and Fe-Dph4 is the rate-limiting step, implying that Fe-Dph4 can function as an electron transfer protein in a manner similar to rubredoxins (18) .
DPH4 Is an Ortholog of Yeast JJJ3 and Functionally Complements Diphtheria Toxin Sensitivity in Vivo-
The DPH genes have been identified in S. cerevisiae, presumably having a similar function (8) . Of these, JJJ3 encodes a J-protein implicated in the biosynthesis of diphthamide. Yeast cells lacking JJJ3 or other DPH genes are resistant to DT activity (8, 10) . Based on sequence and domain structural organization, Dph4 has been predicted to be an ortholog of yeast Jjj3, having similar functions. To test the function of Dph4 in vivo, the overexpression constructs were transformed into ⌬jjj3 cells harboring a plasmid encoding DT catalytic A-chain under the control of a galactose-inducible promoter. As expected, the ⌬jjj3 strain was resistant and able to grow in galactose media under conditional expression of DT A-chain. On the other hand, complementation of wild type Jjj3 imparts sensitivity toward DT, reconfirming its role in DPH biosynthesis. Furthermore, a similar sensitivity toward DT was observed upon Dph4 overexpression as compared with controls grown in glucose media, signifying its in vivo functional overlap in DPH biosynthesis (Fig. 8A) . Thus, our result provides the first evidence to indicate that human Dph4 is an ortholog of yeast Jjj3 having a similar in vivo function.
To investigate whether Jjj3 possesses an iron-binding property similar to Dph4, we purified Jjj3 recombinantly from E. coli grown in iron-supplemented M9 minimal medium. The nickel column purified Jjj3 protein was dark brown-colored, similar to Dph4 (Fig. 8B, inset) . Interestingly, the UV-visible spectra of Jjj3 was found to be similar to that of Dph4 and also stained specifically for iron (Fig. 8, B and C) , thus highlighting its iron binding ability similar to that of Dph4. However, its iron binding ability was weaker compared with Dph4, and the bound iron was lost upon dialysis. Additionally, the protein also showed oligomers on native PAGE confirmed by immunodetection using anti-His antibodies (Fig. 8D) . Therefore, we conclude that Jjj3 and Dph4 are true orthologs having similar in vivo functions.
DISCUSSION
Structurally, type III J-proteins are a poorly investigated class of heat shock proteins. Only a handful of J-protein structures have been elucidated for individual J-domains or C-terminal fragments using NMR and x-ray crystallography (1) . At the same time, the molecular basis of conferring functional specificity through regions outside of the J-domain of type III J-proteins, including Dph4, is very elusive across the kingdoms (7). Our report uncovers the first structure of a full-length human type III J-protein, Dph4, and reveals multiple insights into its moonlighting cellular functions. These functional roles are broadly divided into J-dependent and J-independent activities.
J-domain-dependent Function; Enhanced Stimulation of Hsp70 by Fe-Dph4-Dph4 performs a classical J-protein function by catalytically stimulating the ATPase activity of Hsp70, thus regulating the chaperone cycle. Remarkably, Fe-Dph4 is very stable and exhibits a unique enhanced ability to stimulate Hsp70 ATPase activity as compared with any other J-proteins reported so far. This is due to the difference in the conformation between the iron-and zinc-bound forms, which is supported by several lines of experimental evidence. The trypsin digestion analysis suggests that the linker-helix is better exposed for limited proteolysis in Fe-Dph4 as compared with apo-and Zn-Dph4. At the same time, NMR chemical shift perturbation between zinc-and iron-bound forms of Dph4 indicates significant differences for residues in the linker-helix and around the HPD motif, which is known to be crucial for Hsp70 stimulation. Besides, the linker region sequence is critically required to maintain the ATPase stimulation function by enhancing the stability of J-domain alone. Based on these findings, it is reasonable to believe that linker ␣5-helix, which connects both of the domains, generates significant conformational changes in the iron-bound state, thus altering the exposure of the J-domain to enhance the stimulation of Hsp70 ATPase activity. For in vivo J-domain function, additional amino acid linker sequence outside of the J-fragment is required (10, 21) . Based on the Dph4 results, we envisioned that the linker sequence plays a profound role in modulating the conformational flexibility associated with J-domain alone, thus enabling it to perform better J-dependent functions.
J-domain-independent Functions of Dph4-Based on the three-dimensional structure, it is evident that due to orientational freedom, both the J-domain and the CSL-domain can function independently under physiological conditions. The structure of the C-terminal CSL-domain closely resembles the full-length yeast and human Kti11, which are involved in multiple cellular functions, including diphthamide biosynthesis (16, 25, 37) . Similar to Kti11, our finding uncovers novel functions for the CSL-domain of Dph4, which are independent of J-domain function. These results provide the first evidence to demonstrate a robust iron-binding property associated with human Dph4 protein. The specificity of iron binding to human Dph4 in the eukaryotic physiological context is further illustrated by overexpressing and purifying the protein from yeast. Dph4 could sequester iron in vivo, as revealed by its ability to show reactivity toward iron-specific 3,5-diaminobenzoic acid staining (12) . Notably, yeast Jjj3, an ortholog of human Dph4 having similar function, also showed an ability to bind iron, suggesting that the iron-binding property is conserved across phylogenetic boundaries.
Iron Binding and Oligomerization-Typically, J-proteins are known to bind the zinc-metal ion via their C-terminal zincbinding motifs (3, 6) . Interestingly, DpH4 is the first J-protein that displayed an ability to bind iron preferentially over zinc at the C-terminal domain. The property of iron binding to Dph4 highlights that potentially it can function as iron donor. In the mitochondrial compartment, mitochondrial Hsp70 (Ssq1 in yeast), together with the J-protein HscB (Jac1 in yeast), plays an essential role in the formation of iron-sulfur cluster assembly (38, 39) . The iron-binding protein frataxin (Yfh1 in yeast) functions as a putative iron donor in the mitochondrial iron-sulfur cluster assembly process (39) . A similar Hsp70/J-protein pair and a putative iron donor have not been uncovered in the cytosolic compartment, whereas a related iron-sulfur cluster machinery has been recently identified in humans (40 -42) . Thus, we propose that human Dph4 can dually serve as a J-protein and an iron donor together with Hsc70/HspA1A in the process of specialized function, such as iron-sulfur cluster generation in the cytosolic compartment. The other noteworthy aspect of iron binding is that it promotes oligomerization of Dph4 similar to frataxin (43) . As observed for ferritin and frataxin, the intermediate binding affinity of iron to Dph4 also suggests that J-protein Dph4 can function as a transient intracellular "iron store" (39, (43) (44) (45) (46) . The iron-binding property of Dph4 may therefore also serve as a "buffer" to reduce the iron toxicity, thereby tightly regulating the intracellular iron homeostasis.
Role in Dipthamide Biosynthesis-Our findings reveal that Fe-Dph4 exhibits redox and electron carrier activity similar to rubredoxins (35, 36) . Fe-Dph4 can be reduced under anaerobic conditions using a reducing agent like sodium dithionite and slowly reoxidized in the presence of oxygen. In addition to that, Fe-Dph4 possesses a unique ability to oxidize "rubredoxin reductases" by direct transfer of electrons. An efficient transfer of electrons was observed from Fe-Dph4 in a chain reaction involving NorW and cytochrome c as a terminal acceptor. FeDph4 can thus perform vital functions as an "electron reservoir" required for several important metabolic pathways, which involve oxidation and reduction reactions. Hence, it is conceivable that this is a novel co-evolved function attributed to the CSL-domain of Dph4, which is independent of the J-domain.
The electron carrier biological activity described above has implications for involvement of Dph4 in a specialized function for DPH biosynthesis in eukaryotic cells. In yeast Jjj3, despite having a functional J-domain, mutations within the CSL-domain distinctly showed a tolerance to the diphtheria toxin, thus highlighting the critical role played by the CSL-domain in DPH biosynthesis (10) . Furthermore, both CSL-domains of Jjj3 and human Dph4 showed an ability to bind iron. As a result, irondependent activity of these proteins might play a crucial role in maintaining the redox nature of cytosolic iron-sulfur clustercontaining proteins, including DPH biosynthesis proteins such as Dph2 (47) . In a recent report, it has been proposed that Dph4 and Dph3 proteins may be directly involved in maintaining the redox nature of Dph2 protein, which is the key component of DPH biosynthesis machinery (47) . Our results provide first direct experimental evidence in favor of this hypothesis. In such a case, an iron-bound CSL-domain can selectively interact with Dph2 client protein as a multiprotein complex, thus defining its functional specificity.
In summary, we have elucidated the solution structure of the type III J-protein, Dph4, and uncovered its iron-mediated functional diversity. It has been reported that the splice site dph4 mutant identified in a mouse model has associated defects like prenatal lethality and limb phenotype (9) . Interestingly, these developmental defects are specific to Dph4 and were not reported to be restored by J-or CSL-domain-containing proteins. The mutant phenotype of Dph4 might be a cumulative effect of the loss of multiple functions attributed to Dph4 protein. The biological functions of J-proteins have largely been known to be Hsp70-dependent. However, they have been coevolved with additional specialized functions for regions outside of the J-domain, which predominantly determines the functional specificity. In some organisms, the J-domain has been found to be dispensable for their imperative function. For instance, the J-protein Cwc23 of S. cerevisiae does not require its J-domain for the essential disassembling process of spliceosome machinery (48) . Similarly, the J-domain of Rsp16 is primarily expendable for regulating the flagellar stroke movement in Chlamydomonas reinhardtii (49) . This is, therefore, a beginning for unraveling additional physiologically relevant functions of J-proteins other than folding of client proteins. Our findings provide invaluable evidence in this direction.
